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ABSTRACT 


Experiments were conducted using a U.T.C. 1S kw CO- 


laser. The laser was used as a heat source to perform line 
heating on HY-S0O and AISI 1018 specimens. The resulting 
angular distortion, as a function of heat input, speed, and 
number Of passes, WwaS measured. This out-of-plane 
distortion is measured using an interferometer which uses a 
~ mW Helium-Neon laser as a Light source. AS the 
interference fringes appear on the specimen surface, they 
are recorded by a video camera and stored on a video 
cassette recorder 1 provide real time distartion 
information. HY-8S0 averaged 9.8° per pass while AISI 10918 


averaged 1.1° per pass. 


Strain and temperature data were taken to be used as 
baseline data. The results are presented in the form of 
temperature and strain plotted against time. A heat 
transfer/temperature analysis was performed using ADINAT; 
results of experimental and analytical temperatures are 


Plotted for comparison. 
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CHAF TER ONE 


FORWARD 


A. Piet Oaolction 


Flame heating techniques, which normally involve 
heating By an omyacetylene tarch followed by air cooling or 
water sorayilnd, are widely used in shipbuilding far forming 
and straightening meé@tal structures. The basic mechanism 
involved in these techniques is to produce plastic strain 
(permanent detormatian) by anplying heat tao aA Particular 
Part. The heat produces thermal stresses which are 
controlled by the heatinag-and-cocling cycle to preduce 


strains aa adequate amcunts and ar au ampprooriate 


ijl 


fee 1 GUtCLON . 
Looking at an ideal case, 1t is passible to bend a flat 
plate inte a cylindrical form. This could be accamplished 


By using larqde, mowerful heating pad capable of Neating 


vit 


the entire top surface of the plate unitormly while keeping 


the bottom surface caol. However , a tricky heating system 


is needed: it must be able to produce shrinkage in one 
Girection but no dimensiona change in the transverse 
fee ction. 

- 


AN tmoortant fact here Ls Eres the amount Of 


temperature difference between the top and the battom 


surfaces af the steel plate does not need to be too large to 
Cause bending. Figure l.i shows Now a heating and coolinra 


Ib 





cycle causes residual stresses in a rigid frane system 
composed ot three bars Cli]. Shown here are changes of 
stress in the middle bar. In the case of a frame system 


made ar low-carbon steel, the stress in the middle bar 
reaches the yield stress when the Gar is heated CO 
approximately 200° F, When the middle tar is heated ta 


abave 600° F, the residual stresses that remain are as high 


fl 


as the yield tress. Thi 
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temperature difference of only several Rundred degqress 


between the top and tbottam surtraces 15s né@edecd ta bend the 





plate. 
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THe above cases are ideal. In reality, problems are 
encountered in the construction of a large, powerful heating 


pad due toa 
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ti etiricihtt. shinvard 
Sipe uccLlon, an oaxvacetylene tarch, far smaller and less 
powerful Ehan the ideal heating pad, is used to neat the 
plate. The heat supplied by the torch di¢esipates into the 
plate which acts like a large Neat sink. Therefore, regions 
of the plate directly below the torch tend tc be heated to 
EBxXCeSssive temperatures berore some portians betow ee 


Surface are heated ta temperatures necessary to farm the 


Although the flame heating techniques are widely used 
im shipyards today C2], the techniques have some problems. 


mie st . the current techniques are more of am art than a 


Ssclence. They are done primarily by skilled workers with 
many Years ar experience. Unfortunately these skilled 


WOrkeGrs are retiring r 


fu 


ther rapidly, and tTéw young workers 
have enough patience to spend many years ta master the skill 
-equired. 

It should be moted that even skilled workers make many 


/ 


Mistakes during the flame heating aperations. This 16 to be 


expected since the work is done through human skills without 
the help of modern sensing and measuring devices and 
microprocessors. For instance, the senior welder usually 
determines where a plate shauld be heated to achieve a 
particular bend. tf the first application of heat fails, a 


second guess is made and heat again applied and so on until 





the oroaper bend 1s achieved. The ve 
Skilled workers can do satisfactory 


and heating means that average wor 
judgments as toa the correct temperat 


heat should be applied, 


Another significant 


eral flame heating technique is 
resulting from the heating and subse 
The extent of this problem depends 
and characteristic ar the materi 


rally 


degradation 1S espec S 


tempered steels such ae) atti iar = 


as 


excellent fracture toughness and 


att ies 


quenching Ff by tempering at 


Ther heating techni ques 


but their uses are not 


ie LS eseent 


imto various 


Rolling and mech 


mechanical pressing requir 


thes eh yy’ 
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Ene shipbuilding industry 


fe ate 


rehome af determining if 


ft 


ies alia 


MwWtLtin thee 3 Cueva kure., Par tnat 


ji 


checked manually using templates. 


-= 


iat =i) eae aetna 
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ry fact that only a 
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jobs of flame forming 


ters make many wrang 


lire and cation where 


Lit encountered from 


eis 


ce 
Hy 


oy 


Lal 


fli 


degradation 


quent caoling process. 


on the thermal miztory 
al being heated. Tne 
eyvyere in quenched and 
[Siewitocm obtain tneir 


higiat, JSshrPengeh tmteten 
approximately Lloaoe F, 
are approved tor low- 
permitted for quenched 
ial to have etrective 
Shapes, sone ar whicn 
anical pressing can be 
ee a larqe press. pat: 
means used to torn =Hy 
teday there 1s ma 
Qlate has been formed 
reason tre accuracy is 
An example is shown in 





Peete fee Cod. Accuracy could be increased and time saved 
if an automatic means ofr me@astring this curvature or 


distortion were available. 





FIGURE 1.2: Checking Curvature with Template 
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Furpose of Study 


The purpose af this study was: 

to determine the feasibility of laser 
rorm steel plates 

to determine the feasibility ofr using 
to measure real time distortion 

to gather temperature and strain data 
as a basis to compare or develop a 


Simulation model. 


am interd 


eroanet ar 


be usec 


computer 





CHAFTER TWO 


BRACE. GROUND 


Fie Line Heating 


A study tor plate bending by line heating is documented 


in tne Ishikawajima Engineering Reports in January af 17564. 


Fundamentals for practical application were published in 
H95t based aon the use of an oxyacetylene torch (41. Basic 


information about the development and use af line heating 


Will be presented to acquaint the reader with its origin and 


cancept 

Lime heating, the process of forming shapes by 
cantrolled heatine and cooling, Was develoned oy the 
Japanese in order to increase accuracy and reduce the cost 
ASeociated Pee eae t 2a i mig . The mast Significant 


shipbuilding oroblem, commonly encountered, 18 difticulty in 
joining blocks during hull erection due to inaccuracies, 
such. as in overall Bleck dimensions and misalignment of 
structural members C21. During block assemoly ee tira 


material knaan as margin is Allowed, and certain weidin: 


1 
ijt 


Peaemeeme CO enstre that the final assembly of sections can 
be completed. However, the cost for deferred welding at thre 
Building site is at least three times more than the cost rar 


the same welding during block assembly C21. 


In order to minimize thnhese problems, the accuracy and 
control ak each stage af praduction must be increased. This 


7 





wil] reduce the required rework and thereby reduce cost 


ijl 


iii 


Mieeaeddicion,  oOut-of-tolerance work will mot be arbitrarily 
passed downstream where it would eventually cause more 
serious disruptions. 

Line heating can help achieve these desired results. 


It is r@latively safe and features nominal facilities 


investment. It can be used to remove distortion, lmprove 
accuracy, and increase production. In short, line heating 


1S A mMean=e for converting much of the rework and deferred 
work narmally performed at the erection Bite into sarer, 
easier, and less work. In addition, this transtormed work 


i¢ more evenly distributed over all preceeding processes fa 


i = 


Pee OmSsciructrton, wcluding designing and lafting. 


The principle of line Keating cames fram the fact that 


stress is induced in a steel plate when part of it is 
heated, When the stress 1s controlled it i¢ poassible to 
produce plastic strain which resuits in pernanaat 
detormatioan. ite. thermally induced ¢tresses can be 
used ta eliminate distortion. Tt 15 therefore mnossible to 


achieve a desired curvature by controlling the heating ana 


cooling and thereby regulating the strain. 


i} 


When aA plate 1s Neated alang a line, such as with 


terch ar other heat source, it will bend sa as to +rorm a 


slight knuckle along the liné upon cooling as shown ain 
pemote =. 1 Cal. If the heated areas are cooled with water, 
the bending effect will be more prancunced. The resultirig 


15 


st 
iG 


ist 


Curvature ue am@ Aas if the plate were worked 


ess except that some shrinkage occurs. 


Boi) a pr 





a 


Slightly 
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FIGURE 2.12 The curvature achieved by line heating i 
same as i¢ the plate was worked sli 
a Press except that same shrinkage occurs... 


Figure 2.2 Ca] shows what actually happens. Local 
heating causes thermal stress in a small part. Viene) == 
Modulus and the Elastic Limit of this part both decrease as 
the temperature increases. Ss the heat source travels, the 
adjacent material remains cool enagugh ta resist the 
thermally created etress. Recause of the canstraint, thie 
Neated sueoface swells beyond its Elastic Limit anc some 
deftormatian remains after it cools. During the cooling 
process, the heated surface camtracts more than the other 
Side, This results in anqular distortion or bending an eI 
small amaunt of shrinkage. 

Le 
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LINE HEATING 


J 
= = THERMAL 
“—-* STRESS 


Local heating creates thermal 
small region. Terch travel 
toward the observer. 
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EV. Laser 


A laser heating system has basic features which make it 
more suitable than an oxyacetylene torch for line heating 
CSa-lild. Same of these features will be presented along with 
some problem areas. 

Farst, the high-power lasers available today are much 


more powerful than an oxyacetvlene torchs Is kw COs lasers 


Li 


i eee eee [i 


are very comman. Second, the power density of a l 
be adjusted fram a highly cancentrated beam to one that is 
diffused over a relatively wide area. Third, the laser heat 


scurce 


an be moved at a wide range of speeds up to 
100 inches per minute. This 158 much faster than the manual 
travel of an axyacetylene torch which might be araune 


= inches per minute. 


— 
iy 
ii 
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The high power - CO] 


mits energy at a wavelength 


—= 


or 


Soe. oO 8 Lin. This can be 4&4 problem since all metals 


ii 
=< 

t 
it 


7 


Slatively poor absorbers of enerdy at this wavelength. 


Surface finish is one of the Peasomsi at thie 10.4 Lim 


wavelength, most machined surfaces appear specular. 
Figure 2.3 shows the change in absorptivity at a given metal 
as a fumction of its surface tamperature [al. Since it is 


desirable to have no surface melting, it is evident trom 
Figure 2.3 that most of the incident energy is reflected and 


aes co 


POWER DENSITY MWATTS/ING) 
“7 19° 10”? 


ABSCRPTIVITY OF t 


COATED SURFACE 
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HEAT TREAT WELD 


ABSORPTION % 
fr 
C2 


lu 


— ee cee ee ee cep eee See ew ape aeew awe eee wee ow eee eee ee 
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MELT VAP 
TEMPERATURE 
FIGURE 2.3: Simplified model of laser metal processing in 
terms of absorbed energy, surface temperature 
of the metal and incident power density. 
The application ofr energy absorbing surface coatings 
can be used to increase the absorptivity of the metal s0 
that good caupling of eneray can take place. MaAnNgdanese 


phosphate is very effective for this purpose, but painting 
alsa works and is much cheaper. 
The anticipated advantages of the laser heat source as 


canpared ta the axyacetylene torch are as follows: 


heating can be limited toa small 


“r 
i 


lase 


Ts 
et 
ii 


a Since 
areas near the surface, the laser can be very 
effective for forming plates, perhaps without 


Using water quenchineds 


ELT 
tae othe 





([) Material degradations could be limited ta small 


areas near the surtacer: and 


iD 


utomated, 


is 


(2) Simee the laser technique is completely 


consistent results can be obtained and duplicated. 





e Distortion 


During heating and cooling ina flame heating or 


welding cycle, thermal strains occur in the metal near where 


the heat 1s applied. The strains produced during heating 
are accompanied by plastic wupsetting. The stresses 


resulting from these strains combine and react to produce 


imternal forces that cause the bending, Buckling, and 
rotation shown in Figure 2.4 Cid. These displacements are 
called distortion. This paper 18 concerned oanly with 
mare 2.4 (5b), (e), and (f) since these are out-of-plane 


ais=corctians. 


Distortion is usually thought of in a Negative way, as 


something that should either be prevented ar removed. THis 
iS mot necessarily true. A simple name ror distartian i158 
bending. This paper is concerned with obtaining as much 


cantrolled distortion as possible with a hinimal amount of 


material dearadation. 
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(e) TRANSVERSE SHRINKAGE (b) ANGULAR CHANGE 
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(c) ROTATIONAL DISTORTION (4) LONGITUDINAL SHRINKAGE 
(0) LONGITUOINAL BENDING (f) BUCKLING DISTORTION 
DISTORTION 


ares Sa ee emake fo etorhkhim 
FIGURE @.4: Various types of distortion 





oF Interferometer 


Interferometry provides a fhigh-resalution, noan-contact 
measurement af surface irregularities and bends that result 


from welding and heat forming aor metal plates. Both betore- 


«= 


and-after, and real-time measurements 


He 


- 


it 


possible. Real- 
time measurements can be made via A computer with video 


camera input. 


An opticai interferometer works on the principle of 
producing interference fringes on a surface. They appesar as 
a Pattern of alternating briaqht and dark lines. The shape 


Qf the pattern can give quantitative ainformatian oan the 


contour of the surface. Figure 2.5 shows an example of a 
Fringe pattern an a specimen before and atter welding Cif. 
Note the fringe pattern in the after weldinaq picture. The 


fringes are no longer straight, but curveds this curvature 


indicates that same distortion has taken ol 
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PLANAR INTERFERENCE 
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AFTER 
WELDING 


THIS INTERFERENCE FPRINGE 
PATTERN INDICATES A BEND 
OF ANGLE W, WITH A RIDGE 
OF HEIGIT H, ALONG WELD 
CENTERLINE. 


ee ee = Interference Fringe Fattern 
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The interferometer 165 not a recent discovery. Varlaus 


types of iinterfterameters have been developed since the 


mid-i1S00"*s to measure small distances, Yelocity, and 
refraction index. The general type Of aptical 


interferometer icomsists of a single monochromatic light 


—, 


Source, a wavefront or beam spolitter, one or more mirrors, 


and a target surface on which the fringes are viewed. mach 
bright or dark fringe is produced by 4a pair of light rays 
traveling fram the source to the surface. By the action of 


the waverront splitter and mirrors, the rays oft Gach pair 


t 


are arranged to travel by difterent paths, Wich may be of 


rr 


Hl 
uy 


it 


unegual lengths. The rays recambine on the FAC! Lo 


tH 


a7 


Ul 
either constructively or destructively interfere with one 
another, depending oan their phase relationshig, vist tein 


FEU? 1 depends on the path length difference. A path length 


ii 
— 


difference of zero ar an integral multiple of wavelengths 


ni 


results in constructive interference, and 3a briaqht fringe is 


produced. A path length difference of an odd multiple af 
half wavelengths results in destructive interference, and a 


dark fringe 15 produced. 


Yarlous Hen ata Maan LOU Ak LoOns  -@x1S5t tor 
interferometers depending an their apeli CALL ONix The 


interrerometer used in this research was developed by Walter 


Cosk as 4 graduate student for Froftessor Foichi Masubuchi . 
TE i185 a portable instrument and can be used to measure 


Surface contour changes on a smooth surface down to 0.01 mm 


"i 


and bend angles dawn toa O.1 degree 


ao 





Certain constraints do exist, however. The anbient 
light level must not obscure the interference fringes, and 
the specimen surface must be smooth to achieve the best 
resolution. Also, metallic specimen surfaces must be 


diffused with a thin layer of spray paint in order ta 


in 
iti 
HL 


the fringe® spacing aon the specimen surface. 


ifi 


A picture of the interferometer is shown in Figure 2.6 


along with a schematic diagram of the interferometer optics 


Pie are 2.7 Liu. The manochramatic light source is a 
2 mW Helium-Neon laser with output at 632.56 nM. The laser 
beam strikes a 14mm focal length concave mirror that is 
used aS a beam diverger. The beam 15 passed throudqn a 


FOCUS, then diverges into a come to cover the solit mirror 


Poetic. ihe split mirror is a S-inch diameter, 30-inch 


focal length spherical telescope mirror which mas been cue 
fe, Malt. The halves Nave been tilted forward oy abeaut 
oe 


O,1 degree each by placing thin metal shims under tre edges. 
f& lever adjustment permits placement of the mirror NMalves 
precisely in the same plane to produce vertical fringes oan 
the specimen. 

Ta ootain a suitably large specimen fringe spacing, the 
beam averlap angle itnmist be smalls 1t is about 9.4 degress if 
Ehis interferometer. This requires that the specimen, which 
should be placed in the maxinun width of the zone, mish ne 


meen ran the solit mirrar. 
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In the experiments conducted, the lateral bend in the 


specimen was measured in the same manner as shawn in 


meee 2«.0 Cle]. To campute the angular distortion, oroaceed 


as follows. Cn the upper portion of the specimen above the 
bend, locate aA Specific fringe on the surface. Mark the 
point with a sharp pencil. Moving directly upward from the 


pencil mark, locate the point where the me@xt tringe contacts 
the line, and mark this point. This distance between the 


two points 15 "“L" and shhould be substituted in the formula 


Pevetqs if Figure ~.¢3. Since "h" is essentially a constant, 
"E’ a5 the only variable that must be measured to determine 


meeseamalic of distorticn. 
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EF. Frevious Work 

The laser iS an exciting and powerful tool. Meuch 
research and experimentation has been conducted on how ta 
use the laser in a variety of ways, But very little work has 
been dane in using aitlaser to form steel plates. An 
extensive literature survey turned up only one article. 
Reftore reviewing this article, however , it will tbe 
worthwhile to examine the mechanism of plate bending by line 


heating using 


start simce 

tarch and thos 
These mechani 
Osaka Univers 


jointly by wa 


of Hattelle LA 
Welding is a4 


and Satoh. 


an Ooxyactylene torch. This is aA good place ta 
the basic mechanisms using the oxyacetylene 
eB using a laser beam are essentially the same. 
ens Nave been studied by Satoh and others af 
eV eeoinincsem ashe Otiers Of  M.al.ias and 
mura of Fawasaki Heavy Industries and Fybicki 


HOmaActormies Els tS 15 The angular change due ta 
lso Similar and has been studied by wWatanadbbe 


The experimental set-up used by Satoh and others C12] 
and some of their results are briefly described below to 
Give an idea about what experiental set-ups are nmeeded and 
what results should be expected, Figure 2.97 (8) shows the 
sxperimental set-up used, steel strips 40 mn wide were 
heated by an oaxyvacetylene torch along a line on the too 
surface, Figure 2.97 (9) shows the definition of the angular 
Change oar the plate, 98, 
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Figures 2.10 (a) and (6b) show changes of temperatures and 
angular distortion on two specimens 135 mm thick, Heated at a 
travel speed of 120 mm/min. After the flame heating, ane 
specimen was air cooled, while the other was sprayed with 


water on the top surface. 


While the plate is being heated, the top surface af the 
Dlate expands more than the bottom surrace; therefore, Ene 
mrlate first defarms in the negative direction. During this 


Period, regions of the plate near the tap surtace experience 
compressive stresses and plastic deformation occurs in some 
of the regians. When the plate starts to cool, it. deforms 
in the opposite directian. Because of the. compressive 


plastic detormation that occurred during the heating cycle, 


the plate keeps derorming in that direction passing througn 


if 


~ 


point aF mo distortion. The final distertion is in the 


im 


positive direction and remains after the plate returns ta 


ifs initial temperature. 
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(b) Water cooled specimen 


ofr temperatures and distarticns during 
and after +t+lame heating. The figures shaw 
only temperature changes at aA point i mm below 


the heated surtace. 





Figure eel shows relationships between final 
distortion and the torch travel speed far plates 3g, 16, and 
Seeimm thick. For a certain thickness there is an optimum 
torch speed to produce the maximum amount ot distortion. 


When the torch speéd is higher than the optimun speed, ole 


iD 


amount of distortion decreases. This is due ta insufficient 


heat present throughout the thickness, resulting in aA 


} 
Th 


decreased bending moment. When the torch speed is lower 
than the optimun speed, the amount of distortian is again 


recuced. This is due toa @xcessive heat present thraughout 


the thickness and results in a dé@creased bending mamenct. AS 
the plate thickness increases, the aotimum torch travel 
speed decreases, Since deeper heat penetration 18S required 
to etfectively bend a thicker plate. However, as the plate 
thickness increases, the maximum anount af distortion, even 


under the oaptimum candition, decreases because oar the 


Increase in rigidity ofr the plate. 
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mee dl Effects of travel speed and plate thickness 
on the final angular distortion 


@ experimental set-up used by Johnson Ci4] at MM. 





main Figures 2.12 and 2.127. He recorded temperature, 


and distortion data Gath with and without water 
: Testing was pertormed on mild steel, jT-1, and 
SCEcL Mens. Three passes wers made on each plate. 
f#lusians are presented as tolloaws: 


) Line flame heating without water cooling 15 most 


errective tor. bending the mild steel, 


) Line flame heating with water cooling 18S more 


etricient as a bending process. 








co) The large values of transverse train mecessitate 


fi 


at least a two dimensional analysis tor predicting 


the effects of flame heating. 
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FIGURE 2.12: Experimental Set-Up 
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(a) Diagram of torch tip and water cooling attachment 
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The experimental set-up used by [Iwamura and Rybicki 
Ci7] is shown in Figure 2.14. The specimens, made af mild 
steel, were set as shown. A zone was heated with twa 
exygen-prapane tarches from both sides at the sane time. 
After it reached the desired temperature, the zone was 


cooled im air. Threughout the experiment, the remaining 


iT 


ares of the specimen was camtinuously being cooled by th 


chill plates so as to be maintained at room temperature. 
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FIGURE 2.142 Experimental apparatus 


The angular deformation was obtained by dividing the 
measured displacement by Ralf the length of the specimen. 


Figure 2.15 shows several results for transient angular 


deformation. Figure 2.14 shows the relation between the 
final angular detrarmation and maximum temperature far 
Various heated areas. This figure also reinforces other 


information presented camcerning the amount of distortican 


versus the feat penetration depth. 
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FIGURE #£.16: Relation between the anguiar detormatian and 
ated temperature tor various heated areas 


The results shown ain Figures &£.190 (a) and (Gb) are 


typical fer metal movement during welding as well as during 


flame heatina oe ll Watanabe and Satoh Cisi Ssbtudied I tal 


Welding canditions and other parameters aftect values of 





angular change in bead-an plate and fillet welds. They 
found that the angular changes can be expressed as a 


function of a parameter AX which is defined as follows 


X= 1073 7 | where, 


h fv 


I = welding current 


ial 
ii 
IL 
cL. 


Vv = arc travel «= 


ene a uae te by ice 


The angular change for bead-on plate welds is presented 
in Figure 2.17 and for fillet joints in Figure eles 
maximum distortion occurs when the x-value is about O.24 ror 


the bead-on plate weld and about 0.4 for the fillet weld. 
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ETGURE ©.17: Effect of welding conditions on the angular 
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of beacd-on plates 
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FIGURE 2.18: Effect of welding conditions an the angular 
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The ane article, previously mantioned, that discusses 
using a laser to form steel plates was Written by The Japan 
Welding Engineering Society. They formed a technical 


committee in 1980 to study the feasibility of high power CO 


laser metal working Cif]. This committee examined several 
areas of interest imcluding practical applications. One 
practical application examined was the feasibility ae 
orecision bending of ship hull structure steel plates. The 
following paragraph will discuss the set-ups usec along with 


mae reaults obtained. 


45 





The committee used a 15 kw COz Avco laser to pertorm 


the experiments. Figure 2.19 shows the dimensions of the 


isi 


pecimen while Figure 2.20 shows how the angular distortion 


Was measured. 





FIGURE 2.17: Dimensions of specimen 


surface plate 





FIGURE 2.20: Method of measuring angular distortion 
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Tne effect of bean spot size on angular distortion 1s shown 
Poem igure 2.21. It also shows where melting tock place. 
This 15 extremely important since the occurance of melting 


affects the material degradatioan. 
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Figures 2.22 and 2.22 depict the angular distortican as 
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Piigeeton Of Heat input, speed, and mumber or pa 


shown in Figure 2.22, distortion af one degree per pass wa 
achieved. The committee reported that laser line hee 
bending was found to be a feasible application for precisica 


bending of ship hull plates. 
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EXPERIMENTAL FROCEDURES 


A. Scope. of Research 


Experiments were conducted using an Avco la kw COs 


laser located 


at the Naval Research Lab (NRL) in Washington, 
2 ae The laser was used as a heat source to form HY-80O and 
AISI 1080 carbon steel plates. Emphasis was placed oan 


measuring real-time distortion and on camparing the final 
distortion achieved between the varicus plates. Temperature 


Variations were measured by thermocouples while variations 


in strain were measured by biaxial strain gages. The 
temperature and strain data will he analized, time 
permittind, Gr passed on to others working with 


Pee tiasiibtchii . 


HB. Description of Specimens 


There® is a total of Seven instrumented plates. Plates 
#il through #2 are 6" xs“ 12" HY-80O;s plates #4 and #5 are 
4" x 12" AISI 1019 carbon steels and plates #6 and #/ are 
ieee OM = dead LO18 carbon steel. All specimens ares 


meer gc thick, 





ae Data Collection 


The specimens were mounted to a Bridgeport milling 


machine table using two C-clamps as shown in Figure 2.1. 
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Tne table*s speed can be preset and 
automatically controlled by means af switches on the cantrol 


Bri? Two speeds, six inches per minute (fiom) and lf ipim, 
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The laser 15 located in an adjoining raon, and ats 


power is directed to the specimen located in the test cell 
through a system of reflecting mirrors. No one is allowed 
im the test cell when the laser is in use. Vila ce ae = eS 


doors to the test cell must be closed and remain closed 
during laser operation. If the doors are opened, the 
imstallegd ainterlock system will automatically secure the 
laser toa ensure personnel safety. There 1S a window between 
the laser roaon and the test cell through which the laser 
aperatiaon can be observed, 

The final two mirrors in the laser beam’s travel are 
attached to the upper part of the milling machine which 


remains staticanary. (See Figure 3.1.) The beam is reflect.e 


from mirroar-to-mirror and then to the specimen as shown in 


Figure 3.2, This particular set-up 1s En@wn as "eross Four 
FocusiINGa” because the beam path forms the number four. The 
laser Beam remains stationary while the table with the 


fll of the specimens were sprayed with a light coat at 
Pew fed high-heat paint, good to 1/7O0° F, Il was Mooed 


that a light coat of paint would provide sufrricient coupling 


fo cause Aa satistactory bend. EFarlier test runs had 
demonstrated that a light coat of paint on the tes samples 
WOLUlLd mak buen when the laser beam struck the palate. With & 
N@avier coat aor paint, NoOWe yer , Peo atttc Cia Blin Giving 
eee Olack—body radiat that prevented a clear image of the 
Fringe Spacing fram being recorded by bre CATEGr A. 


iil 
| 


Unfortunately, there was minimal coupling with the light 
coat of paint. This necessitated additional paint being 
added ta the plate. To reduce the burning effect, an 
interference filter designed to transmit only the Heliumn-—- 


2 
Neon laser wavelength of 6328 A was attached to the camera. 


This filter was helpful, but the light within that pass band 
Wes just too intense to be completely blocked. Sie eo 


better filter was not immediately available, the exp 


iL} 
y 
fat 
= 
lit 
J 
rT 
iil 


continued using what was at hand. 


FIGURE 3.2: Cross Four Focusing 


EaSstortian Measureneants Were made Using hae 


interferameter as described in Chapter <= G@ video camera 


was used to record an image of the fringe spacings which 





were then sent to a video cassette recorder (Jope° tor 
permanent storage. This allaws the possibility of real-time 


ike mea ments 


isi 


Lue 


a 
$}§ 
iD 


measurements, and also makes it @asier to 
on a manitor after the run is completed rather than on the 
het specimen surface. Figure 3.2 shows the equipment set-up 
While Figure 32.4 shows an example af the fringe spacing an 


plate # 4. 
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So he eer Linge spacing 


The strain qages and thermocouples were mounted by 
Brewer Engineering Laboratories of Marion, Massachusetts as 


= 
° 
iets 


shaw im Figure 2.5. Strain gages were cannected toa 


hi 


Wheatstoane Bridge circuit, balanced and calibrated 


tit 
iy! 


indicated schematically in Figure 3.6. Thermocouples were 


referenced to a 32° F ice-bath and calibrated as imdicated 
Peer iogure 3.7. The data from the strain qaqges and 


thermocouples served as inout to the Honeywell Visicarder 
Peegttivce ..9)., The output from the Visicordér was oan 


Stripcharts with an example shown in Figure =.7. 
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CHAFTER FOUR 


RESULTS 


The plots presented in this chapter reflect the thernial 


history of each of the test plates. Each plat records the 
strain and temperature variations during one laser pass and 


subsequent cool-down. No particular time was sought between 


passes: the laser started another pass aS soon as all 


preparations were complete. Some plates were cooled with 
compressed air if sufficient time was available. Fer each 


plate, the final readings aon the 1 


i 


st p 


ul 


represent the 


= 


cumulative strain state at the gage locations. 
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A. Distortion 


The results of this investigatian comeist of distortion 
Measurements, temperature data,anq strain data recorced 
during laser passes of the test specimens. The data Tor 


distortion is presented in Table 4.1 while the remaining 


rt 


data 15 presented pelow in the torm of plots ot mechanical 


strain and temperature versus time. 
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TABLE 4.1 


Measured Distortion (Deqrees) 
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tenperature, 


B. Temperature 


The temperaturas recorded at thermocouple number two 
(TCS) and thermocouple number three (TCS) have been plotted 
for the first pass on each plate, except Flate #2, 
Information far the second pass was plotted for Flate #5. 
The temperature data will serve as Baseline data and will 
also be used Fo compare and verity e@xisting coamputer 
proqramns that deal with heat transfer ales tar I 
camparison af the. yperimental results and analytical 


results are presented in Chapter &. 
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The strains recorded at strain gage 1A (SG1A)~— and 


strain gage 1B (SG1IB) have been plotted for the first pass 


on @ach plate except Flate #5. Information far che second 
pass was plotted for Flate #5. The strain data will serve 
as baseline data. No analysis has been performed aon the 


strain data. 
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CHAFTER FIVE 


PaotusseneOr RESULTS 


A. Distortion 


The amount of distortion varied with the heat input and 
the material used. Heat input varies directly with the 
input laser power and inversely with the travel speed. (See 
Table &.1.) When the power is low and the travel speed is 
high, the heat penetration is shallow amd the distortion is 
small. This also occurs when the power is too large and the 
Beeer es iS too slow due to excessive heat penetration. The 
optimum conditions for laser forming Gecur when the pawer 
and travel speed are sufficient to cause goand distartian 
without over saturating or under saturating the material 
with heat. Because this saturation process prohibits the 
needed temperature difference acroes the plate, the desired 
distortion is mat achieved. 


The 


ere 


7e@at ainput to plate #1 was small due ta poor 
coupling, and na measurable distortion was achieved. The 
deqree of coupling was increased on plate #2 By adding 


another coat af paint. The heat input therefore was 


imcreased and a distortion of O.1° per pass was attained as 
| | 


i 


Seem im Figure S.l1. 
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TABLE 3.1 


Heat Input 


ate # Laser Fower Travel Speed Heat Input 
CKD (ipa) (ca/ain) (Kd/in) (Kd /cx) 
1 aw = Oe ae Lees 
= & 12 BAN gcd ig) iS 

a ea 7 = ee Seal a 

“ Hees 7 ie eee ice eo 
I ? 4 1 oe 70 Ba eo 
& ? 5 ee 7 aay 
iy - 5 Siem 7 a ye 


*# Heat input = — power 
travel speed 
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expected 19% lass of later power in optic: 
has not been deducted 
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ich 


A comparison of distortion 1s shown in Figure 3.2 for 
plates #2 and #4. Roth plates are the same SLES, and both 
have identical power input and travel speed. The 1019 steel 
achieved 0.3° per pass more distortion than the HY-SO, This 
is believed que to the difference in material 
characteristics as evidenced by their respective stress- 
strain curves. 

Flate #5 had a final distortion of 3.5° as compared to 
plate #4 which had 3.0°, Both plates are identical, 
although there is a slight increase in heat input for 
plate #5. Nonetheless, hoth plates achieved 1.1° per pass 


. 


as shown in Figures S.2f and 3.4. 
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Flates #6 and #7 are the only 12" « 123" specimens. m4 
larger specimen was desired for comparison of stress-strain 
data. One fPass was made on each of three separate lines on 
plate #5 aS indicated in Figure 5.4. The measured 
distortion, 909.7° per pass, was Slightly less than in the 
6" x 12" specimens of the same material. The difference can 
probably be attributed to the better coupling achieved oan 
other plates on Pepe carers DpASSEes. 

The last specimen, plate #7, had the highest amount of 
distortion which measured 132.5°, See Figure 3.5. The same 


approach as used an plate #4 was used on plate #7, although 


three passes were made on each line. This is believed ta 
have imcreased the amount of coupling and therefore 
increased the final distortion. 


In arder to compare the amount of distortion that 
accured during laser line heating and welding, an attempt 


ly 


Hi 


Ss made to find a suitable representation of paramwieter £ 


tr 


for the laser. Three points have been plotted an Figure oO. 


which shows the same gr 


tii 


pH as Figure 2.18. Although this is 


ii 


anily arough comparisan, the amount at distortion is les 
with the laser. This might be expected since melting oecuirs 
in welding; when the weld metal cools, more shrinkage will 


occur resulting in more angular distortion. 
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B. Heat Transfer/Temperature Analysis 


The problem of analyzing heat flow during laser forming 
was sSsOlved using the multipurpose finite element proaram, 
ADINAT, developed by Bathe and co-workers in the department 
Of Mechanical Engineering CLO]. 

Following 18s a4 discussion of the particular features of 
the prograin pertaining to the Laser farming analysis. 


1. Finite Element Formulation 


The governing 1soparametric Finite element 
equations for the nanlineéar heat transfer problem are 
ep A ast? = tr Atgca—i> a 
Wil th tre Ate ca 2 = tA het Ct—13 Zs Ag<1 > (5) 
where, 
ck = the effective conductivity matrix at time t, 
() = heat flow vector iineluding the effects oar 


surface heat flow inputs. 
&2oast> = the increment of modal-point temperature in 


iteration i. 


i} 

rt 
rr 
4. 
et 
iT 


Equatian (1) represents the heat tlow equilibriui 
t+ KX At, where oO « O = 1. 


All boundary conditions relevant to the laser farming 


problem are incorporated in the matrices of equatian (1). 


oe 





They include 


1. Convective heat losses from the plate*s surf 


ACS 
according to Newtan’s law. 
2. Radiation heat losses, which are modeled accarding 


to the Stefan HBoltzrman law. 
a ies Nest Staplte Sauiring laser forminq is moedeled 
LIsing a Seer line tuiiGt lions CLiInear increase” as 


1 


ip 


ry est 


if} 
Et 


the beam appraaches, Lniform as it trav 


the cross sections, followed by a linear decrease) 


A cross section of the plate at its midlength was 


x 


analyzed. The finite element mesh was applied aver oanly 
half of the plate. Since the plate i185 symmetric, the 


results will be equivalent to applying the same mesh aver 


tne entire plate, but the cost will be greatly reduced. 


Figure 3.7 shows the finite slement mesh useds ik consists 
or a total of S54 nodes and 62 elements. The temperature 


obtained fram the thermocouples an Flate #4, Fass 1, were 
Used as an input to the ADINAT program. Figure 3.9 shows 


the temperature versus time curve calculated using ADINAT as 


compared to the experimental data. The correlation is much 
better far thermocouple #4 than for thermocouple #2 which 
Was located an the bottom surface directly beneath the bean. 

The same procedure was used to obtain Figure 4.7. As 


SHGWwN 4 the analytical analysis is in agreement with the 


experimental results. Figure 3.10 shows a tenperature 


i 
cr) 
pe 


vom 


We) . 


ui 


Meorile of the tap and bottom surfaces of the spe 
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ee Material dégqredatiaon study 


The temperature distribution obtained using the ADINAT 
program also provides information about the material 
degradation. Knowing the temperature history, one can 
predict the microstructure changes that occur during the 
thermal amd cooling cycles By using the Continuous Cooling 
Transfarmation (CCT) diagrams. 

In addition, the shape and extent of the heat-afftected 
zone (HAZ? can be determined. The HAZ iS shown in 
Figure 3.7 for the portian af the material that exceeded the 


Aa temperature of 1230° F, 
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CHAFTER SIX 


RECOMMENDATIONS 


Due to possible problems with material degradatian at 
higher laser oautput levels, 1t 15 recommended that laser 
power be reduced. This would reduce or eliminate much of 
the existing problem of material degradation. Overlapping 


laser beam patterns could then be used to achieve a gradual 


ifi 


bedimq ofr the plate at lower heat input levels. eae 
believed that a sufficient amount ef distortion can still be 
achieved at this lower power level. 

Some type of thermal imaging system should also 5e 
acquired and used in future experiments. This would allow 
the determination of a more accurate temperature profile. 
This aintormation could then be used to determine the 
temperature distribution best suited far producing a certain 
amount or distortion. 

This ainvestigation Nas demonstrated the excellent 
potential ar ailaser toe form steel plates. The amount of 


plate distortion was satisfactory although the degree «ar 


if 
rh 
—j 
as 
it 


material degradation has vet to be determin 
imterrerameter has also proven itself as an excellent means 
cot measuring very precisely the amount of distortion 
achieved. For these reasons, it 18s highly recommended that 


this research effort be comtinued. 
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